The relevance of human primary motor cortex (M1) for motor actions has long been established. However, it is still unknown how motor actions are represented, and whether M1 contains an ordered somatotopy at the mesoscopic level. In the current study we show that a detailed within-limb somatotopy can be obtained in M1 during finger movements using Gaussian population Receptive Field (pRF) models. Similar organizations were also obtained for primary somatosensory cortex (S1),
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Abstract
The relevance of human primary motor cortex (M1) for motor actions has long been established. However, it is still unknown how motor actions are represented, and whether M1 contains an ordered somatotopy at the mesoscopic level. In the current study we show that a detailed within-limb somatotopy can be obtained in M1 during finger movements using Gaussian population Receptive Field (pRF) models. Similar organizations were also obtained for primary somatosensory cortex (S1),
showing that individual finger representations are interconnected throughout sensorimotor cortex. The current study additionally estimates receptive field sizes of neuronal populations, showing differences between finger digit representations, between M1 and S1, and additionally between finger digit flexion and extension. Using the Gaussian pRF approach, the detailed somatotopic organization of M1 can be obtained including underlying characteristics, allowing for the in-depth investigation of cortical motor representation and sensorimotor integration.
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Introduction
Cortical sensorimotor areas in the human brain have been shown to exhibit somatotopic organizations at least at the macroscopic level between limbs. Perhaps best known is Penfield's homunculus (Penfield and Boldrey, 1937) which shows a coarse distribution of body part representations on both the precentral (i.e. primary motor cortex, or M1) and postcentral gyri (i.e. primary somatosensory cortex, or S1) in humans. It has also been demonstrated that S1 exhibits a somatotopic organization on a mesoscopic 'within limb' level for individual finger digits Martuzzi et al., 2014; Sanchez-Panchuelo et al., 2012) . However, for M1 the existence of such a detailed orderly functional organization is still under debate. It has even been argued that M1 explicitly does not have an orderly somatotopic organization on the mesoscopic 'within limb' level (Sanes and Schieber, 2001; Schieber, 2001) . It is argued that the human ability for acquiring new motor skills could require the brain to maintain a flexible attitude towards cortical motor organization. This poses several challenging questions, specifically how movement of body parts is represented within the human brain, and also how sensorimotor integration is accomplished if M1 is not somatotopically organized and could additionally change its organization over time depending on newly acquired motor skills.
Numerous studies have investigated the nature of M1 functionality in humans and animals over the past decades. Central to the investigation of the primary motor cortex is the issue of what its neuronal activity represents and how it relates to motor functioning. The first possibility is that M1 neurons directly send commands to specific motor units/muscle fibers (Kakei et al., 1999; Scott, M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT 6 et al., 2006; Ting and McKay, 2007) . Such complex motion representation can arguably not be encapsulated in an orderly cortical topography, although a coarse categorization on the basis of related body parts or limbs could be computationally beneficial.
Recently, imaging studies have also engaged in the characterization of M1 activity in humans.
Several studies show that the movement of individual finger digits results in largely overlapping activity patterns, showing voxels that respond to all finger movements (Dechent and Frahm, 2003; Hlustík et al., 2001; Olman et al., 2012) . A somatotopic organization of M1 at the level of individual finger digits is not immediately distinguishable and can primarily be appreciated after extended analyses, contrasting activity patterns of individual finger digits. Previous findings, thus, show that M1 might contain a somatotopic organization at the mesoscopic level of finger digits, while it simultaneously responds to a much larger range of bodily movements. The complexity of a neatly ordered somatotopy on the one hand, and a more diffuse activity pattern for many motor actions on the other hand, might well be characterized by a Gaussian function. Gaussian functions are able to describe the correspondence of (cortical) functioning with respect to measured neuronal activity patterns (Victor et al., 1994) . Gaussian functions have been shown to successfully describe neuronal characteristics including topographies in research concerning sensory cortices, which has led in imaging studies to the population Receptive Field (pRF) approach to accurately assess the retinotopic organization in visual cortex (Dumoulin and Wandell, 2008; Harvey and Dumoulin, 2011) .
The current study investigates whether a detailed, yet complex, somatotopic organization of cortical area M1 can be obtained through the implementation of a Gaussian pRF approach during finger movements. The Gaussian pRF approach is novel to the modeling of cortical motor activity for both motor and somatosensory cortex, and is here implemented analogously to the pRF approach in visual cortex. Note that this means that the Gaussian function is not to be fitted across spatial cortical activity patterns, but instead on functional features of neuronal populations. Functional features of motor cortex are in fact control over and/or information processing of certain limbs, i.e. finger digits in the current experiments, which can be probed by means of a simple finger movement task. Based on previous research, neuronal populations in M1 are expected to respond to a wide variety of functional M A N U S C R I P T
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7 features, which is described by a Gaussian fit with a center feature corresponding to a population's preferred finger digit and a Gaussian spread corresponding to the degree of response to adjacent finger digits. In sensory cortices the Gaussian spread is often referred to as a neuron's receptive field (RF), or the average neuronal population receptive field (pRF). Through the Gaussian pRF approach, we show that an orderly somatotopic organization of preferred finger digits is present in M1. Additionally, we reveal differences as well as similarities in properties of population receptive fields between flexion and extension of finger digits and across separate cortical areas in the contralateral hemisphere.
Materials & Methods
Subjects and task
Eight healthy volunteers (mean age = 24, female = 4) were recruited from the Utrecht University. All participants gave written informed consent before entering the study. The protocol was approved by the local ethics committee of the University Medical Center Utrecht, in accordance with the Declaration of Helsinki (2013).
All participants performed a simple finger movement task with their right hand. The primary task objective was to isolate movements of individual finger digits as well as movement type, i.e. dissociate flexion from extension. Task instructions were projected on a screen in the bore of the scanner, which participants viewed using prism glasses and a mirror. The instruction onsets were triggered by the scanner. During the experiment, the participants viewed 5 rectangles on a grey background that together resembled the shape of the 5 finger digits of a hand. Each rectangle represented the instruction for its respective finger digit, which was denoted by the rectangle's contrast. During the entire experiment, when a rectangle was displayed having a white contrast, that respective finger digit was to be flexed. Finger digit extension was cued when the contrast changed to black. The rectangles were only displayed having a black or white contrast, meaning that each finger digit was always flexed or extended and there was no separate rest condition. The order of rectangle contrast change occurred in a sequential manner. Initially, all 5 rectangles started out having a black contrast, which meant that the participant assumed a fully extended hand position. Then one by one,
Dependent (BOLD) signal to return to baseline prior to the new sequence of movements. Making the cue interval shorter than approximately 5 seconds (4.8s was chosen as a multiple of the TR of 1.6s, see scan protocol) would result in the inability to effectively distinguish BOLD signals following a movement cue, while making it longer would increase the risk of decreasing attention and task performance.
Thus, the BOLD signal is expected to increase following a movement cue only, rather than during the maintaining of finger positions (Branco et al., 2017) . Keeping digits flexed or extended, therefore, serves as the baseline for digit movement. Finger digits that maintain their position might cause neuronal activity, but not specifically at the time-locked events of the motor cues. Finally it is worth mentioning that the participants were explicitly instructed to disregard any co-occurring movements. Some finger digits are enslaved in the movements of others (e.g. due to tendon connections). Participants were expected to only perform the cued motor command and not to correct for any co-occurring movements. Compliance with the task instructions was tested using a MRcompatible data glove (5DT Inc.)
Scan protocol
Scanning was performed on a 7 Tesla Philips Achieva scanner (Philips Healthcare, Best, Netherlands) with a 32-channel receive headcoil (Nova Medical, MA, USA). Functional MRI (fMRI) measurements were obtained using an echo-planar imaging (EPI) sequence with the following parameters: SENSE factor=3.0, TR=1600 ms, TE = 27 ms, flip angle = 70°, axial orientation, interleaved slice acquisition, 
Image processing
The T1-weighted image was corrected for macroscopic field inhomogeneities by dividing it by the proton density-weighted image (Van de Moortele et al., 2009) . Grey/white matter surfaces were constructed on the basis of the corrected T1-weighted image using Freesurfer (http://surfer.nmr.mgh.harvard.edu/, (Dale et al., 1999) ). The reconstructed brain surfaces are triangulated surface meshes, where each triangle consists of 3 nodes (sometimes called vertices), while the entire surface mesh contains over 100,000 nodes per hemisphere. All reconstructed surface meshes were flattened using Caret (Van Essen et al., 2001 ) and rotated so that the central sulcus was oriented vertically. All functional images were preprocessed (i.e. slice time correction and realignment to the mean scan, no smoothing) using SPM12 (http://www.fil.ion.ucl.ac.uk/spm/). The preprocessed functional images were mapped onto the Freesurfer surfaces, selecting all voxels that fell in range of the estimated grey matter thickness. This procedure resulted in a timeseries for each surface node of the reconstructed surfaces. The timeseries were filtered using a high-pass filter with a cut-off at 9.1 x 10 -3 Hz and rescaled to represent percentage signal change. Finally, all timeseries were split in 2, creating separate timeseries for all flexion and extension runs. For the Gaussian pRF analysis we only considered the surface nodes that were located on the 'precentral gyrus', 'central sulcus', and 'postcentral gyrus', as defined by the Destrieux altas (Destrieux et al., 2010) supplied by Freesurfer.
Gaussian pRF analysis
It is common practice in fMRI analyses to predict acquired timeseries of voxels (or nodes/vertices in surface based analyses) using a general linear model (GLM) which includes a design matrix convolved with a HRF (Friston et al., 1995) . The strength of each factor in the design matrix is usually presented as β (beta). Finding Gaussian population Receptive Fields (pRF) does not differ much from the classical approach, but incorporates a parametrized model of underlying neuronal populations, its value being that the obtained parameters meaningfully relate to the behavior of neuronal populations.
Obtaining pRF fits was based on the procedures described by Dumoulin & Wandell (Dumoulin and Wandell, 2008) . The main objective was to model a predicted timeseries that best explained the variance of the measured fMRI timeseries:
where y(t) is the measured timeseries, p(t) is the model predicted timeseries, β is the scaling factor and ε is measurement noise. The main component of the model predicted timeseries was a Gaussian function. The input to the Gaussian function is an index of the finger digit that was moved (i.e. an index ranging from 1 to 5 corresponding to the 5 finger digits). Given a Gaussian center and Gaussian spread (i.e. standard deviation) the relative amplitude with respect to a specific digit movement is then
given by:
where x i is the index of the moved finger digit (ranging from 1 = thumb to 5 = little finger), and x 0 is the Gaussian pRF center (also ranging from 1 to 5). σ is the Gaussian spread, which defines the activity for finger digit movement relative to x 0 . The unit for σ is the same as the unit for x 0 , which is, thus, also given in finger digit indices. Note, however, that the pRF center x 0 can be any real number between index 1 and 5, including fractioned numbers in between 2 finger digit indices. Thus, function (2) describes for a given neuronal population what its preferred finger digit is (i.e. the pRF center, x 0 ), but also how that neuronal population responds to the movement of other finger digits. The bigger the Gaussian spread (i.e. its receptive field size, σ), the more it responds to digits other than its preferred finger digit ( 
Where s(x,t) is the onset design matrix of each finger digit movement and g(x) is the Gaussian function (2). The Gaussian model predicted timeseries is then obtained after convolution with a standard canonical hemodynamic response function (HRF, (Friston et al., 1995) ).
where, r(t) is the effective task design (3), and h(t) is the canonical HRF (Figure 1 , Prediction).
We adopted a 2-step coarse-to-fine search approach to find the best Gaussian model fits. For the first step, the coarse search, we predefined 176 Gaussian models using function (4) Whether regression coefficients differed significantly from zero across participants was tested with a student's t-test per ROI.
Since information on receptive field properties of neuronal populations in sensorimotor cortex is scarce, we did not hypothesize a linear relation between Gaussian spread (i.e. receptive field size) and Gaussian centers. Instead, we averaged the Gaussian spread in 5 bins corresponding to the indices of the 5 finger digits, resulting in a mean Gaussian spread per finger digit representation per ROI.
Using a repeated measures ANOVA with the 5 bins and the 3 ROIs as separate factors, we investigated if there was an effect of the estimated Gaussian center and/or ROI on Gaussian spread.
This was done separately for finger flexion and extension. Similarly, the estimated amplitude was also averaged in finger digit bins per ROI. We used a repeated measures ANOVA with the 5 finger digit bins, 3 ROIs, and a separate factor for flexion/extension to investigate differences in BOLD amplitude among the flexion/extension conditions.
M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT 14
Lastly, we redid the analysis using a standard multiple general linear model (GLM) for comparison. The GLM consisted of 5 factors (one for each finger digit, movement types flexion/extension separately), which resulted in 5 β-weights per surface node per movement type. A winner-takes-all procedure was applied, which meant that the preferred finger digit was assigned by means of the highest ranked factor of the GLM per surface node.
Data glove
The data glove sampled the flexure of each finger digit at a frequency of 20Hz (i.e. a timeseries per finger digit reflecting finger flexure). The timeseries of each digit was normalized to zscores:
where, ' , is the raw data for finger digit x at time t, and ' &&&&& , ( are the mean and standard deviation of the timeseries for finger digit x respectively. Then, the first derivative of the normalized timeseries was estimated:
Where ) , is an approximation of the first derivative, resulting in sharp increases during the moments of flexion or extension (note that the absolute value was taken). Finally, the maximum value was taken of each finger digit within a time window of [t i -500ms : t i +1500ms] for each presented movement cue t i , and averaged over repetitions. The time window, thus, allowed us to control for any movement onset deviations relative to the presented cue. Also note that the maximum values of all 5 digits were taken during any movement cue to check for co-occurring movements relative to the cued finger digit. This was statistically tested using a repeated measures ANOVA with factors for the 5 motion cues, the 5 finger digit traces, and flexion/extension conditions. Finally, Pearson correlation values were calculated between Gaussian spread and conjoint movements (i.e. the amount that finger digits had moved when they were not cued). Conjoint movements were calculated for each finger digit M A N U S C R I P T
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trace per subject and correlated to the obtained Gaussian spreads per cortical area and movement type (i.e. flexion/extension).
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Results
We developed a Gaussian pRF model that predicted the timeseries for finger digit flexion and finger digit extension. The timeseries' peak amplitude was determined by a neuronal population's preferred finger digit, while predicted amplitudes elicited by movement of the other finger digits were characterized by the Gaussian spread (Figure 2A) . The Gaussian pRF model significantly predicted the timeseries of on average 2400 surface nodes (S.D. 750 nodes) per subject, which were mainly located around the cortical hand area. The percentage of BOLD signal change followed the cues of the motor task, and did not show sustained increases in neural activity in between flexion/extension runs ( Figure   2B ). The presence of an ordered somatotopy was determined based on the collective locations of estimated preferred finger digit representations across motor and somatosensory cortex (Figure 3 ).
Finger flexion
We examined the pRF results during the sequential flexion of the 5 finger digits of the right hand in the contralateral hemisphere. We found proof of orderly somatotopic organizations in sensorimotor cortex. The preferred finger digit representation gradually shifted from thumb to little finger on the cortical surface from ventrolateral to dorsomedial locations respectively. During flexion of the finger digits, a somatotopy was found on the cortical surface of the contralateral precentral gyrus (t (7) =4.678, p=.002), central sulcus (t (7) =5.400, p=.001), and postcentral gyrus (t (7) =10.804, p<.001) across subjects ( Figure 4A ). Cortical area M1 is approximately located on the crown and posterior bank of the precentral gyrus. We, thus, present proof for an ordered finger digit somatotopy within M1 given the significant gradient of preferred finger digit representations in both the precentral gyrus and central sulcus regions. The postcentral gyrus also exhibited a clear gradient of preferred finger digit representations, meaning that the pRF method also revealed the finger digit topography of cortical area S1. Note, however, that the finger digit somatotopy could also largely be derived using a general linear model (GLM), although visibility of an ordered finger digit somatotopy decreased on the precentral gyrus ( Figure 4A ). In addition, we found that individual finger digit representations within cortical areas M1 and S1 were largely interconnected ( Figure 5A ). Representations of the same finger digit in M A N U S C R I P T
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M1 and S1 are connected, creating extended strips of preferred finger digit representations along the anterior-posterior axis of the cortical surface, which could not always be appreciated from a pial surface perspective (see also Figure 3 ).
The second outcome of the pRF analysis is the Gaussian spread (or pRF size), corresponding to the degree of response to other finger digits besides the preferred finger digit ( Figure 4B , 5B). The unit for the Gaussian spread is given in finger digits, meaning the larger the spread the more finger digits a neuronal population responds to. We found that the Gaussian spread depended on the estimated preferred finger digit (F (4,28) =21.126, p<.001), resulting in relatively small pRFs for thumb representations and larger pRFs for little finger representations, although the relation between
Gaussian spread an finger representation is not evidently linear. There was also a difference in Gaussian spread across cortical areas (F (2,14) =15.456, p<.001), showing largest pRF sizes on the precentral gyrus and smallest pRF sizes on the postcentral gyrus ( Figure 4B ). Thus, the pRF sizes follow general distinctions found for the estimated finger digit representations, as well as anatomical differentiation.
Finger extension
During extension of the right hand finger digits, we did not find an ordered somatotopic arrangement of Gaussian centers in the contralateral precentral gyrus (t (7) =1.908, p=.098). However, we did observe detailed somatotopic organizations in the central sulcus (t (7) =7.896, p<.001) and postcentral gyrus (t (7) =6.436, p<.001) during finger digit extension ( Figure 6 ). Since we did not observe significant gradients of estimated preferred finger digits in both the precentral gyrus and central sulcus, we cannot conclude that area M1 displays an ordered finger digit topography during finger digit extension. We did observe that pRF sizes varied for the estimated finger digit representations (F (4,28) =10.415, p<.001),
as was also seen for finger digit flexion. However, for finger digit extension the pRF sizes of both the thumb and little finger were relatively larger compared to the remaining 3 digits. Additionally, the receptive field sizes for finger extension did not vary across the 3 cortical areas (F (2,14) =2.892, p=.089), thereby not exhibiting the gradual decline in receptive field size from precentral gyrus to postcentral M A N U S C R I P T
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gyrus that can be observed for finger digit flexion ( Figure 4B reflecting the task requirement of moving the corresponding finger digit following a particular motion cue. Figure 7 shows that primarily the cued finger was moved in the selected time window surrounding a particular motion cue. Largest movements of non-cued finger digits were observed during the little finger flexion cue. However, we did not find that pRF spread was positively correlated with the amount of movements finger digits made when they were not cued (Table 1) . For instance, the little finger stayed relatively still when it was not cued for movement, while we found it to exhibit a relatively large pRF spread, and vice versa for the ring finger digit.
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Discussion
General discussion
Using the population Receptive Field approach, we demonstrate that a detailed and ordered somatotopy at the level of individual finger digits exists for the primary motor cortex (M1). For M1, the thumb representation is located ventrolaterally near the hand area at the crown and posterior bank of the precentral gyrus, while M1 representations of the remaining 4 finger digits gradually shift in dorsomedial direction along the precentral gyrus. This particular structure in M1 is mainly observed for finger digit flexion and not for finger digit extension. Additionally, the Gaussian pRF approach estimates receptive field sizes (although "population response field" might be more adequate in the context of M1 neural activity). Cortical representations of the little finger digit consistently showed largest pRF sizes, indicating that those particular neural populations are relatively unspecific regarding the movement of any of the finger digits. Finally, the current experiments confirm previous reports on a detailed somatotopic structure at the level of individual finger digits for the primary somatosensory cortex (S1), albeit during finger digit movement instead of solely sensory stimulation (Martuzzi et al., 2014; Sanchez-Panchuelo et al., 2012) . pRF sizes from S1 are smaller compared to M1, suggesting that sensory (feedback) information occurs at a level more specific than is observed for motor activity.
We, thus, present evidence for a highly detailed somatotopic structure of M1 similar to S1.
Furthermore, using the pRF approach we are able to investigate basic response characteristics of the underlying neuronal populations.
M1 somatotopy
There has long been debate on the relation of M1 to muscle activity. Previous studies have thus far only revealed a coarse somatotopic organization within M1 and in addition argued that M1 codes for complex movements rather than the movement of isolated body parts (Graziano et al., 2002; Sanes and Schieber, 2001; Schieber, 2001) . However, the current approach is able to expose the detailed withinlimb somatotopic organization of M1, possibly due to the inclusion of pRF characteristics and the separation of finger digit flexion and extension. The pRF approach allows for a parametrized modeling M A N U S C R I P T
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20 of neuronal populations' responses, although a finger digit somatotopy can also be approximated by more classical approaches such as general linear models ( Figure 4A ). Furthermore, even though we now reveal the within-limb somatotopy of M1, the Gaussian pRF model does not assume that M1
neurons respond in isolation with respect to individual body parts. Instead, the pRF approach shows that many neuronal populations respond to multiple finger movements. Complex motion might, therefore, still be represented within pRF properties, putatively grouping specific body parts that together create complex movements. Nevertheless, the locations of the Gaussian pRF centers reveal a clear somatotopic structure within M1, which may appear superfluous if neuronal populations can code for movements beyond the range of one specific body part (Meier et al., 2008; Zeharia et al., 2015) . The reason for a detailed somatotopic organization in M1 may be related to sensorimotor integration. The current results show large connected patches of single finger digit representations running along motor and somatosensory cortex (Figures 5 and 6 ), which could possibly already have been appreciated in an earlier study on S1 somatotopy in amputees (Kikkert et al., 2016) . Currently, connected patches of finger representations throughout sensorimotor cortex were seen in all subjects, despite that somatotopic maps were relatively unique per subject, often following a subject's anatomy closely. These connected areas with different physiological properties likely interact through horizontal connections throughout sensorimotor cortex (Sporns et al., 2000) . In this context, it makes sense that M1 has a detailed somatotopic structure, simply because S1 is somatotopically organized. In the current study, activity in S1 most likely relates to proprioception, containing useful information on the position of body parts during movement. This information is thought to be necessary feedback from S1 to M1 (Todorov, 2009 (Todorov, , 2000 , which advocates a similar detailed topographic organization of M1 and S1 for integration purposes. Alternatively, the joined somatotopic structure across sensorimotor cortex might have arisen as a result of joined developmental processes. It has for instance been shown that M1 and S1 share similar developmental characteristics in terms of grey matter thickness (Gogtay et al., 2004) . Furthermore, corticospinal tracts connected to M1 and S1 are somatotopically organized and share similar properties compared to adjacent cortical areas (Ji et al., 2008; Seo and Jang, 2013; Verstynen et al., 2011) . It is, thus, plausible that the development of M1 and S1 is strongly interdependent, as is also suggested by in vivo rodent (Khazipov et al., 2004) and
simulation studies (Petersson et al., 2003) . The development of motor and somatosensory cortices likely coincide with one another, giving way to sensorimotor integration and possibly interconnected somatotopic maps.
Population receptive fields
The current Gaussian pRF fitting procedure allows for the Gaussian center to be estimated anywhere in between two physical finger digits. Having the cortical finger digit representation centered in between two finger digits may seem unintuitive at first. However, there are two logical explanations that are not mutually exclusive. Firstly, we are measuring the response of neuronal populations containing over 100,000 neurons at each point on a reconstructed cortical surface (Herculano-Houzel,
2009
; Lent et al., 2012) . It is rather probable that multiple finger digit representations are present among neuronal populations of certain size. The estimated Gaussian center is then merely a population average, which can be expressed by fractioned numbers. Secondly, neurons in sensorimotor cortex might not code for a single preferred finger digit. It has been shown that neurons from the primary motor cortex have efferent connections to a relatively broad range of motor units/muscle fibers (Nudo et al., 1992) . Motor actions might well be a complex cohort of many excitatory and inhibitory processes, allowing neurons to center their peak response over an extended range of body parts or no body part in particular (Graziano et al., 2002; Nudo et al., 1996) . Then the neural ensemble contains the appropriate muscle output for e.g. a finger digit, instead of coming from individual neurons or small neuronal populations. The current estimated Gaussian center is sensitive to an off-centered body part representation relative to physical body parts, which occurs when small neuronal populations do not code for individual body parts.
The current method provides an estimate of the Gaussian spread, or response/receptive field size for neuronal populations in sensorimotor cortex. Previous studies have reported overlapping receptive fields in sensorimotor cortex (Beisteiner et al., 2001; Besle et al., 2014; Meier et al., 2008) .
The current study underlines these findings, showing that many neuronal populations in both M1 and S1 respond to several finger movements at least to some degree. Largest pRF sizes were found for M A N U S C R I P T
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neuronal populations in M1, indicating that neuronal populations in M1 least of all included sensorimotor areas respond in isolation with respect to any particularly moved finger digit. This finding likely relates to previous electrophysiological studies, where complex movements and postures were reported following stimulation of M1 neurons (Brown and Teskey, 2014; Graziano et al., 2002; Graziano and Aflalo, 2007) . Additionally, neuronal populations that prefer the little finger digit exhibited larger pRF sizes compared to neuronal populations that prefer any of the other finger digits.
However, pRF size per preferred finger digit may also have been influenced by the order of movement, i.e. whether a series of finger digit movements started at the thumb or little finger, which possibly affected the estimated pRF size at the start of a movement by e.g. transient responses (Dechent et al., 2004) . Also finger digit enslavement (Li et al., 2004; Yu et al., 2010 ) might have influenced the estimated pRF sizes. The ring and little finger do not enjoy the same level of freedom of movement as the thumb or index finger. Possibly the enslavement of non-cued movements is reflected by the pRF size. Additionally, isometric contractions (i.e. muscle contractions that keep finger digits in place, when they are not cued for movement) may occur for highly enslaved finger digits, which could theoretically cause an overestimation of pRF sizes. However, current pRF results display relatively small pRF sizes for cortical ring finger representations, which is not to be expected if the level of enslavement would largely affect pRF size (e.g. through isometric contractions).
Furthermore, the data glove results showed that participants had been able to successfully perform the task ( Figure 7 ) except for during flexion of the little finger, when most non-cued co-occurring movements of other digits were observed. This, however, cannot have caused the relatively larger pRF sizes for little finger representations, since that would require increased little finger movements during other movement cues, rather than many finger movements during the little finger cue as is seen here.
The currently estimated pRF sizes likely reflect a level of integration among body part representations: meaning the larger the pRF size, the more a neuronal population is involved during many movements. Such a scenario would benefit the control over body parts that are often used in synchrony. Current results show that little finger representations within M1 consistently display the largest pRF size, putatively reflecting the concurrent movements of the little finger digit in M A N U S C R I P T
23 combination with other finger digits during daily motor actions. Similarly, smaller pRF sizes of e.g. thumb representations might imply increased levels of response specificity and might relate to the importance of the thumb in daily motor actions.
Finger digit flexion versus extension
On average, the results for finger digit flexion and extension were very similar, showing positive BOLD signals of similar magnitude. Additionally, we did not observe any differences in task performance between flexion and extension. There are, however, several differences that might reveal distinct underlying processes. Firstly, finger digit extension did not result in a significant somatotopic organization across subjects on the precentral gyrus, which is an important part of M1. Since task performance was similar, it is possible that the difference between flexion and extension is rooted in everyday motor requirements. Finger digit extension might not require the same level of specificity during daily motor actions as finger digit flexion. Especially during grasping finger flexion requires detailed motor coordination, whereas the opposite, letting go of something, might simply not call upon the same level of neural specificity, which may be reflected by a somewhat equivocal activity pattern during finger extension. Similar differences between flexion and extension for daily motor requirements have also been suggested in the context of finger digit enslavement (Yu et al., 2010) .
Secondly, pRF sizes were larger for finger digit extension compared to finger digit flexion. Larger pRF sizes during finger digit extension were most notable on the postcentral gyrus (S1), which is involved in proprioception and relevant for guiding precise finger movements (Todorov and Jordan, 2002) . This finding indicates that neuronal populations in the hand area receive feedback from more finger digits during finger digit extension compared to flexion, and is therefore relatively unspecific.
The difference in pRF size, thus, also points towards differences in required specificity between finger digit flexion and extension.
Study limitations
The current study has several limitations. Despite the presented evidence for a detailed within-limb somatotopic organizations of finger digits in sensorimotor cortex, some neuronal populations Table Legends   Table 1 Pearson correlation pRF spread and conjoint movements
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Pearson correlation values of pRF spread and conjoint movements per cortical area and finger movement type. Conjoint movements were calculated as the average of unwanted movements per data glove finger digit trace per subject. 
